Abstract We designed novel derivatives of 4,6-di(thiophen-2-yl)pyrimidine (DTP). Two benchmark strategies including mesomerically deactivating group, as well as the extension of p-conjugation bridge (acene-fusion) have been employed to enhance the electrical and charge transport properties. The density functional theory (DFT) and time dependent DFT methods have been used to get optimized geometries in ground and first excited state, respectively. The structural properties (geometric parameters), electronic properties (frontier molecular orbitals; highest occupied and lowest unoccupied molecular orbitals), photophysical properties (absorption, fluorescence and phosphorescence), and important charge transport properties are discussed to establish a molecular level structure-property relationship among these derivatives. Our calculated electronic spectra i.e., absorption, fluorescence and phosphorescence have been found in good semi-quantitative agreement with available experimental data. All the newly designed derivatives displayed significantly improved electron injection ability than those of the parent molecule. The
Introduction
In present hi-tech era, the p-conjugated organic materials have gained significant attention due to cheap, good designing flexibility, ease of fabrication in modern electronics and displays like organic light emitting diodes (OLEDs) [1] , organic field effect transistors (OFETs) [2] , solar cells [3] and batteries and sensors [4] . Undoubtedly, progress in high-performance p-type materials is vibrant and it goes hand in hand with the advancement of efficient n-type materials [5] . The thiophene-based oligomers have good electron donating abilities along with low electron affinities that mark them as good competitors as p-type [6] . Previously, to produce n-type materials electronwithdrawing groups (EWDGs) were substituted in oligothiophenes to lower the LUMO energy levels [7] . By inserting the electron deficient moieties between electron rich units improved the properties like intramolecular charge transfer (ICT) [8] , efficiency as better charge transporter [9] , and electrochemical as well as spectroscopic properties toward red shift [10] . Moreover, oligoacenes have been intensively investigated because of their efficient electronic properties [11] and are largely used as molecular backbones [12] . 4,6-di(thiophen-2-yl)pyrimidine (DTP) has alternative electron-rich (pyrimidine) and electrondeficient (thiophene) moieties [13] .
In the present investigation, we aim to design such compounds which have improved the electronic and charge transport properties by stepwise designing the derivatives of DTP by acene-fusion and introducing the EWDG (trifluoroacyl) at different positions as shown in Fig. 1 . We shed light on the structural parameters, electro-optical properties, and some important charge transport parameters (adiabatic/vertical ionization potentials (IPa/v), adiabatic/vertical electron affinities (EAa/v) and reorganization energies (k)).
Computational details
Among the standard density functional theory (DFT) methods, B3LYP provides the best description of the geometry modifications upon ionization [14] . The ground state (S 0 ) geometries have been optimized by DFT [15] . In present study, B3LYP [16] and 6-31G ** basis sets [17] have been used for all the calculations. The k a has been computed by using time dependent TDDFT which has been proved as an efficient approach [18] . The excited state (S 1 ) geometries have been optimized at TDDFT [19] by using TD-B3LYP/6-31G ** level of theory. The k f and k phos have been computed by applying the same level of theory [20] . The efficiency of charge transport within the organic layer(s) plays a key role. The high-charge mobilities favor recombination processes in bulk where charges can be confined further by means of organic-organic interfaces [21] . The charge transfer rate can be described by Marcus theory via the following equation [22] .
W ¼ V 2 =hðp=kk B TÞ 1=2 expðÀk=4k B TÞ ð 1Þ Figure 1 Structures of DTP and its derivatives investigated in the presented study.
There are two major parameters that determine selfexchange electron-transfer rates and ultimately charge mobility: (i) the electronic coupling V (transfer integral) between adjacent molecules, which needs to be maximized, and (ii) the k, which needs to be small for significant transport. The k term describes the strength of the electron-phonon interactions (vibration) and can be reliably estimated as twice the relaxation energy of a polaron localized over a single unit. The k is further divided into two parts: k ð1Þ rel and k ð1Þ rel , where k ð1Þ rel corresponds to the geometry relaxation energy of one molecule from neutral to charged state, and k ð2Þ rel corresponds to the geometry relaxation energy from charged to neutral state [23] .
In the evaluation of k, two terms were computed directly from the adiabatic potential energy surfaces [24] . Here, E
(X) and E
(X + ) are the ground-state energies of the neutral and charged states, E
(1) (X) is the energy of the neutral molecule at the optimized charged geometry and
) is the energy of the charged state at the geometry of the optimized neutral molecule. It should be noted that the polarization effects from the surrounding molecules, as well as the charge reorientation, have been neglected to minimize the complications involved in the theoretical calculations [25] . The IPa/v and EAa/v have been computed at the B3LYP/ 6-31G ** level of theory. The B3LYP functional is better to reproduce the experimental data than the LC-BLYP, M05 and M052X (see supporting information). In present study, Gaussian 09 package has been used to perform all the calculations [26] .
Results and discussion

Molecular geometries of the ground and first excited states
The ground state (S 0 ) and excited state (S 1 ) geometrical parameters optimized at B3LYP/6-31G ** and TD-B3LYP/6-31G ** level of theories have been presented in Table S1 , respectively. The optimized bond lengths and bond angles at B3LYP/ 6-31G ** level of theory are in good agreement with the experimental data [13] illuminating that the levels of theories are consistent and reliable. In this section, the computed bond distances (lengthening or shortening) and bond angles (increasing or decreasing) at S 0 and S 1 have been discussed. In the first step, we compared the geometrical parameters of DTP with DTP1-DTP3 and discussed the effect of acene-fusion on the bond lengths, bond angles and torsion angles. The S1-C4 bond length lengthened 0.016, 0.022 and 0.025 Å ; S1-C17, 0.025, 0.033 and 0.037 Å ; C17-C19, 0.048, 0.064, and 0.072 Å in DTP1-DTP3 compared to DTP, respectively. By fusing one benzene ring at each end of DTP resulting lengthened S1-C4, S1-C17, C17-C19 bond lengths in DTP1. This is because of more delocalization of electron charge density and withdrawing effect of benzene. This statement can be verified by looking the DTP2 and DTP3 bond lengths; the tendency toward the lengthening of the bond lengths is as DTP3 > DTP2 > DTP1 > DTP.
In the second step, we discussed and compared the optimized geometrical parameters of DTP with DTP4-DTP10 where strong EWDGs (-COCF3) have been substituted at different positions. In DTP4, S2-C23 and C21-C23 lengthened 0.016 and 0.014 Å ; as the -COCF3 at R1 withdraws the electron density from the S and C atoms resulting in the decrease of electron density and elongates the bond lengths. In DTP6 and DTP8, S2-C23 shortened 0.017 and 0.004 Å (not significant) while C15-C21 lengthened 0.011 and 0.019 Å , respectively. The C12-C15 was lengthened 0.029 Å in DTP8. The significant change toward lengthening or shortening has been observed in di-substituted derivatives.
Dipole moment
We tabulated the S 0 and S 1 dipole moment (l) values in Table S1 . In our previous study [27] , we showed that by substituting the ''CH''/N affects the l values. Here we studied the position effect and the acene-fusion on the l. Firstly, by fusing the acenes, l generally increases in the order DTP3 > DTP2 > DTP1 > DTP. Secondly, the R1 (DTP4) and R1 0 (DTP5) positions were more affected to raise the l compared to DTP. The R3 (DTP8) and R3 0 (DTP9) positions were also significantly affected resulting in the decrease of the l compared to DTP. Generally, the l increases from S 0 and S 1 except in DTP4 and DTP6 (mono substituted derivatives). Fig. 2 and Figs. S1 and S2 illustrate the delocalization and localization of the HOMOs and LUMOs for the S 0 and S 1 , respectively. In S 0 of DTP-DTP3 and DTP5, charge density is distributed on the entire backbone on the HOMOs and LUMOs. In DTP4, charge density in the HOMO is delocalized at pyrimidine and thiophene ring, which is distant from the acceptor group. The LUMO is localized at pyrimidine, thiophene (near acceptor group) and C‚O of the EWDG. In DTP5, oxygen atoms of C‚O are also participating in the formation of HOMO and LUMO. The charge density of the HOMOs and LUMOs is equally distributed throughout the backbone in DTP5 and DTP7 due to the strong EWDGs at both ends. In DTP4, DTP6 and DTP8, HOMOs are delocalized on pyridazine and thiophene while LUMOs are localized at opposite side near the acceptor moiety resulting comprehensible ICT within the systems. At S 1 , HOMOs are delocalized on thiophene moieties while LUMOs on pyrimidine in DTP-DTP3. In DTP5, the HOMO and LUMO are delocalized and localized at pyrimidine and thiophene, respectively. In DTP7, HOMO is delocalized at the backbone while LUMO located at the acceptor group, thiophene and partly on pyrimidine. The ICT can be observed in DTP5 and DTP7.
Electronic structures of the ground and first excited states
The electron/hole injection energy in DTP is around 3.16 eV (=À1.94 À (À5.1))/1.09 eV (=À5.1 À (À6.19)). Here À5.1, À1.94 and À6.19 eV energies are the work function of aluminum, LUMO and HOMO energy of DTP (see Table 1 ). Thus by lowering/increasing the LUMO/HOMO energy level it would be easy to improve the electron/hole injection ability. The electron injection barrier (in eV) decreases in newly designed derivatives, i.e., DTP1 (2.94), DTP2 (2.76), DTP3 (2.60), DTP4 (2.22), DTP5 (1.80), DTP6 (2.70), DTP7 (2.44) and DTP8 (2.27). The hole injection barrier decreases in Effect of acene-fusion and trifluoroacetyl substitutionDTP1-DTP3 in which p-bridge has been elongated. The injection barrier in DTP1 and DTP2 is 0.85 and 0.36 eV, respectively. It is estimated from the HOMO energy level that there would be negligible injection barrier in DTP3 revealing it would be a good contender as hole transporter. The injection barrier is enhanced in DTP4-DTP8 due to the strong EWDGs. Thus it is expected that DTP1-DTP3 would be good candidates of hole transporters while DTP4-DTP8 would behave as electron transporters.
Photophysical properties
In Table 2 , we have reported the calculated values of absorption k a , emission (k f and k phos ) wavelengths and also compared them with available experimental data [13] . The experimental k a , k f and k phos of the parent molecule (DTP), i.e., 329, 378 and 518 nm have been reproduced by TD-B3lyp/6-31G ** level of theory, i.e., 327, 353 and 529 nm revealing the level of theory is adequate. The first absorption peaks of newly designed derivatives are red shifted compared to DTP except DTP7. The DTP-DTP6 and DTP8 showed 40, 123, 220, 52, 36, 10, and 84 nm red shifts in the k a . DTP-DTP3 and DTP5 showed 40, 28, 43 and 36 nm red shifts while DTP6 and DTP8 showed 50 and 48 nm blue shifts for the maximum absorption wavelength. No significant red or blue shift has been observed in DTP4 and DTP7. The transition for the first state has been observed from HfiL in all the investigated compounds, transition leading to the maximum k a for DTP, DTP1, DTP5 and DTP7 is HfiL while for DTP2 and DTP3 from HÀ2fiL, DTP4 from HÀ1fiL, DTP6 from HfiL+2, DTP8 from HÀ4fiL. Here we can see that when the transition is from HfiL then k a is auxiliary red shifted in newly designed derivatives compared to DTP. The k f also showed different prominent peaks. DTP1-DTP6, and DTP8 showed 44, 134, 241, 122, 66, 60, and 190 nm red shifts in the k f than the parent molecule, respectively. The maximum k f for DTP1-DTP6 is red shifted in the range of 2-44 nm. The maximum k f for DTP7 and DTP8 is blue shifted compared to DTP, i.e., 36 and 41 nm, respectively. The first k phos for DTP1-DTP6, and DTP8 is 37, 192, 523, 113, 111, 7, and 121 nm red shifted compared to DTP, respectively. DTP7 is 79 nm blue shifted than the parent molecule.
The red Stoke shifts in DTP from k a to k f and k phos have been observed as 26 and 202 nm, respectively. The red Stoke shifts from k a to k f in DTP1-DTP8 are 30, 37, 47, 96, 56, 76, 10 and 132 nm while from k a to k phos are 199, 271, 505, 263, 277, 199, 129 and 239 nm, respectively. The smaller triplet state energies than singlet states are in good agreement with Martin and co-others [28] .
These derivatives would be good candidates for blue (DTP2 and DTP4), violet (DTP5 and DTP6), green (DTP8) and yellow (DTP3) light-emitting fluorescent materials. These would also be good contenders as phosphorescent materials for blue (DTP7), green (DTP and DTP6), yellow (DTP), red (DTP2, DTP4, DTP5, and DTP8) and near IR (DTP3) (see Table 2 ). The k f is suggesting these as good contestants for covering whole of the UV-Vis region as well as near IR. It is expecting that such type of materials can be used as sensors, which would have the sensing abilities of metal ions to tune the fluorescence.
Ionization potential and electron affinity
We have tabulated the IPa/v, EAa/v in Table 3 which are important chemical descriptors to shed some light on the charge transfer behavior. The energy gain of the excess electron due to structural relaxation, is the difference EAa À EAv (''small-polaron'' stabilization energy for the electron (SPE (e)). The IPv (IPa) of DTP1-DTP3 decreases 0.48 (0.44), 1.14 (1.08) and 1.65 (1.58) eV compared to DTP revealing improved hole injection, respectively. The IPv and IPa in DTP4-DTP8 boost up than the parent molecule illuminating the decreased hole injection. The EAv (EAa) in DTP-DTP8 of HOMO and LUMO energy levels. The SPE (e) of DTP is smaller than DTP4-DTP8 suggesting these newly designed derivatives would trap the electron more efficiently. The lower IP leads to a higher degree of charge transfer [29] enlightening that DTP1-DTP3 would be better hole transporter and would have superior properties than the parent molecule in the sequence of DTP3 > DTP2 > DTP1 > DTP.
Reorganization energies
The details on how to compute the k can be found in Ref. [24] . The computed k (h) of DTP is 0.202 eV while its k (e) is 0.228 eV. We have observed that k (h) as well k (e) decreases by elongating the bridge, i.e., k (h) of DTP1-DTP3 is 0.129, 0.065 and 0.056 eV while k (e) is 0.222, 0.187, 0.137 eV, respectively. It can be found from Table 3 that k (h) of DTP1-DTP3 is smaller than the parent molecule. Similarly, k (e) of DTP1-DTP3 is smaller than DTP revealing that these designed materials would be a better hole transporter than the parent molecule. The k (e) of DTP7 is smaller than the parent molecule revealing it would be a better electron transporter. The significant effect toward lowering the k (h) has been observed in DTP1-DTP3. Here we have compared the k (h) of DTP1-DTP3 with already well-known materials to shed some light on the charge transport properties. The k (h) of naphthalene, anthracene, tetracene and pentacene (which are commonly used hole transport materials) at B3LYP/6-31G ** level of theory is 0.186, 0.138, 0.114, and 0.098 eV, respectively. The k (h) of DTP1 smaller than naphthalene and anthracene revealed that it would be a good hole transport material and might be better. Moreover, the k (h) of DTP2 is 121, 73, 49, and 33 meV smaller than the k (h) of naphthalene, anthracene, tetracene and pentacene, respectively. The k (h) of DTP3 is smaller than the k (h) of naphthalene, anthracene, tetracene and pentacene, i.e., 130, 82, 58, and 42 meV, Effect of acene-fusion and trifluoroacetyl substitution
Transfer integrals (V)
DTP has 8 molecules in the unit cell [13] . We found that molecules exist in two forms of symmetries, i.e., the longitudinal along the unit cell axis (Sym A) and the transverse from top to bottom (Sym B) (see Figs. S3-S6). With the aim that which symmetry would be favorable for charge transport, we have computed the hole and electron V for both of the symmetries.
We have computed the V by adopting the direct approach with site-energy correction at the DFT/pw91pw91/6-31G ** level of theory which has been proved as an efficient and reliable method (details can be found in supporting information and Ref. [30, 31] ).
We have tabulated the hole V (V h ) and electron V (V e ) values in Table 4 . The V h and V e in Sym A have been observed 12 and 13 meV, respectively for the distance to the mass center (distance) 5.20 Å . The V h and V e in Sym A have been observed 10 and 4.5 meV, respectively for the distance 11.85 Å . On other hand, for Sym B major V is 23.9 and 6.8 meV for hole and electron, respectively when the distance 8.24 Å . When the distance was 5.83 Å (which is the smallest one), the V h and V e were noticed 2.60 and 0.74 meV, respectively. The V h and V e were computed 3.3 and 10.9 meV, respectively for the distance 5.98 Å . The V h and V e were 0.38 and 7.3 meV, respectively for the distance 9.42 Å . When the distance was 7.46 Å the V h and V e were 2.30 and 27.3 meV, respectively. When the distance was 10.08 Å the V h and V e values were 24.7 and 5.4 meV, respectively. These results revealed that Sym B would be more favorable to improve the hole charge injection. The Sym A would be favorable for balanced hole and electron charge transfer.
Conclusions
In the framework of DFT, we have spotlighted the derivatives of DTP as potential candidate for efficient charge transport materials. It has been found that the acene-fusion lowers the energy gap in DTP2 and DTP3 compared to the parent molecule. To reduce the energy gap (DH-L) in the ground state (S 0 ), R1 and R3 are found to be the more favorable positions for the substitution of the electron withdrawing group. Electron injection ability would be enhanced in newly designed derivatives. The hole injection barrier decreases in DTP1-DTP3 in which p-bridge has been elongated. The computed electronic spectra of absorption, fluorescence and phosphorescence are in good semi-quantitative agreement with available experimental data. The significant red Stoke shifts from absorption to fluorescence and phosphorescence wavelengths have been observed. These derivatives would be good candidates for blue (DTP2 and DTP4), violet (DTP5 and DTP6), green (DTP8) and yellow (DTP3) light-emitting fluorescent materials. These would also be good contenders as phosphorescent materials for blue (DTP7), green (DTP and DTP6), yellow (DTP), red (DTP2, DTP4, DTP5, and DTP8) and near IR (DTP3). The lengthening of S1-C17 bonds cause red shift while shortening result blue shift. The adiabatic and vertical ionization potential of DTP1-DTP3 decreases compared to DTP revealing improved hole injection. The hole and electron reorganization energies decreased by elongating the bridge. The hole reorganization energies of DTP2 and DTP3 smaller than naphthalene, anthracene, tetracene and pentacene revealed that newly designed materials would be efficient hole transporters. The reorganization energy and transfer integrals revealed that the DTP could be used as hole transfer material. Table 4 Transfer integrals (V) in eV and the distance to the mass center (Å ) of DTP for the ten pathways at the DFT/pw91pw91/6-31G ** level of theory. 
